Abstract
Study Selection and Data Extraction
Literature searches to December 2009 were performed in BioBase, Biological Abstracts, CAB Abstracts, Embase, International Pharmaceuticals Abstracts, Life Sciences Collection, MEDLINE, MEDLINE Preprints, Energy Database, and Technology Collection. The search strategy was: (Visipaque * ; iodixanol; 92339-11-2\AL\SU\TM\RN) and (randomized controlled * ; comparative study * ; clinical trial\ TD\DT) and (CIN; contrast-induced neph * ; contrast induced ! 2 1 nephropathy * ; creatinine\AL) and (iopamidol; Isovue * ; Niopam * ; Iopamiro * ; iohexol; Omnipaque * ; Accupaque * ; iomeprol; Iomeron * ; iopromide; Ultravist * ; ioversol; Optiray * ; ioxilan; Oxilan * ; ioxaglate; Hexabrix * \AL\SU\TM). In addition, we searched clinicaltrials.gov and abstracts from relevant medical conferences for the past 2 years, including 2010, to identify any recent trials that may be missed in the literature search.
For each trial, the incidence of CI-AKI, defined as an increase in sCr of either 6 0.5 mg/dl or 6 25% from baseline, in each treatment group was extracted. These study level data were entered into a standardized Excel template, and were assessed for quality and consistency. Study quality was assessed by means of the 5-point Jadad score [20] , and only studies with a score 6 2 were included in the analysis. All data, including Jadad scoring, were entered by an independent consultant biostatistician (Adrienne H. Groulx) listed in the Acknowledgment section. These data were reviewed by another biostatistician (Sujatha Sundaram) as well as by the first author (P.A.M.). All data passed internal review, with no issues identified with the Jadad scoring.
Statistical Methods
All statistical analyses were descriptive in nature. Descriptive statistics for continuous variables included the count and proportion, mean, standard deviation, minimum, maximum and median. Categorical variables were summarized counts with proportions or means with standard deviations, as appropriate. All statistical tests were two sided, and p ! 0.05 was regarded as statistically significant.
Baseline demographic characteristics were compared using Student's t tests, 2 tests, and Wilcoxon rank sum tests of the weighted averages, as appropriate, for the combined study population.
For each trial, the relative risk (RR) of CI-AKI and the standardized mean difference in sCr between iodixanol and pooled LOCM were determined. Subset analyses were performed to compare iodixanol and each LOCM; however, to avoid publication bias, subset analysis was performed only if 6 3 comparator studies were available.
Studies were pooled based on IA or IV administration and meta-analyses were performed using the random-effects model of DerSimonian and Laird [21] to obtain pooled RRs, pooled differences in sCr increase (weighted mean differences), and associated 95% confidence intervals (CIs) for outcomes. Statistical heterogeneity of trial results was tested using the Cochran Q statistic and I 2 ; for the Q statistic, and a difference with p ! 0.10 was considered significant.
Separate analyses were performed on trials that measured sCr at standardized time points and those that did not, using the bias-corrected standardized mean difference (Hedges' g ) [22] . Within these two groups, differences in CI-AKI were analyzed for iodixanol versus all LOCMs and iodixanol versus each LOCM (when 6 3 comparator studies were available).
Subgroup analyses were performed to assess the effect of baseline sCr level, age, percentage of female subjects, percentage of diabetic individuals, and severity of renal dysfunction. These analyses were performed using meta-regression analysis for continuous variables and one-way analysis of variance for categorical variables. In each analysis, the RR of CI-AKI was the dependent variable and the study characteristic was the independent variable. Study level data were examined for potential publication bias using the tests of Egger et al. [23] and Begg and Mazumdar [24] , and by funnel plots of log-transformed RRs against the corresponding standard errors.
Results

Studies and Patients Included
The initial literature search identified 144 potential references, which were reviewed for relevance; an additional study [25] , identified through the abstract search, was added before the analysis. A total of 103 duplicate or non-relevant publications were excluded, leaving 42 studies that were reviewed for inclusion in the analysis. Of these, 17 studies were subsequently excluded: 13 did not meet one or more inclusion criteria, and in 4 the definition of CI-AKI was inadequate ( fig. 1 ). Thus, a total of 25 studies were included in the final analysis ( table 1 ) [14] [15] [16] . Of these, CM was given IA in 19 and IV in 6. CI-AKI was defined as a 6 0.5 mg/dl increase in sCr in 15 IA studies and 3 IV studies, and as a 6 25% increase in sCr in 11 IA and 4 IV studies. A total of 17 studies (14 IA and 3 IV) were available for comparisons of standardized and non-standardized sCr measurements. The Jadad scores of the included studies ranged from 2 to 5.
Demographic characteristics of the patients included in these studies are summarized in table 2 . Of note, there were considerable differences among the studies in the risk for CI-AKI according to baseline renal function. Considering analyses of CI-AKI using either definition, for studies in which CM was given IV, the included population was of lower risk with younger patients, a narrower range of baseline sCr levels, and a lower proportion of diabetic patients compared to studies in which CM was administered IA. However, none of the pooled demographic data was statistically significant between the IOCM (iodixanol) and LOCM groups.
Incidence of CI-AKI after IA Administration
In 15 of the 19 trials using IA administration, CI-AKI was defined as 6 0.5 mg/dl increase in sCr from baseline. In these studies, the RR for CI-AKI with iodixanol compared with LOCM was 0.462 (95% CI: 0.272-0.786, p = 0.004). RRs in individual trials ranged from 0.090 to 1.523 ( fig. 2 ). There was significant (p ! 0.001) heterogeneity between studies, but no evidence of publication bias ( table 3 ) . Three studies compared iodixanol and iohexol. Meta-analysis of these studies showed a significant reduction in the risk of CI-AKI with iodixanol compared with iohexol (RR: 0.163, 95% CI: 0.062-0.433, p = 0.0003). Three studies compared iodixanol and iopamidol, one of which used non-standardized measurements of sCr. Meta-analysis of these studies showed no significant difference in the risk of CI-AKI with iodixanol compared with iopamidol (RR: 1.067, 95% CI: 0.533-2.135, p = 0.855). Due to the small number of studies for ioversol, ioxaglate and iomeprol, CI-AKI analyses were not performed. In the 11 IA studies in which CI-AKI was defined as an increase in sCr of 6 25% from baseline, there was a trend towards a decreased risk of CI-AKI with iodixanol compared with LOCM ( table 3 ; fig. 3 ), but this did not reach statistical significance (RR: 0.577, 95% CI: 0.297-1.12, p = 0.104). There was significant heterogeneity between trials (p ! 0.001) but no evidence of publication bias ( table 3 ) .
Similar results were seen when the meta-analyses were limited to trials in which sCr was measured at standardized time points. In the 14 IA studies where CI-AKI was defined as an increase in sCr from baseline of 6 0.5 mg/dl, iodixanol was associated with a significantly decreased risk compared with LOCM (RR: 0.419, 95% CI: 0.241-0.728, p = 0.002). In the 10 IA studies with standardized sCr measurements where CI-AKI was defined as an increase in sCr of 6 25%, there was a trend towards a decreased risk with iodixanol, but this did not reach statistical significance (RR: 0.526, 95% CI: 0.262-1.053, p = 0.07). In both cases, there was significant (p ! 0.001) heterogeneity between studies.
Incidence of CI-AKI after IV Administration
In the 3 studies where CM were given IV, there was no significant difference in the incidence of CI-AKI when defined as an increase in sCr from baseline of 6 0.5 mg/dl between iodixanol and LOCM (RR: 0.967, 95% CI: 0.188-4.972, p = 0.968). Two of these 3 studies used non-standardized measurement of sCr after contrast exposure. There was significant (p = 0.045) heterogeneity between these 3 studies but no evidence of publication bias ( table 3 ) . Similarly, in the 4 studies where CI-AKI was defined as an increase in sCr from baseline of 6 25%, iodixanol was not associated with a significant reduction in risk compared with LOCM (RR: 0.656, 95% CI: 0.316-3.160, p = 0.257). Two of these 4 studies used non- Fig. 3 . Meta-analysis of the incidence of CI-AKI (defined as 6 25% increase in sCr from baseline) in trials reporting this outcome comparing IA iodixanol (IOCM) with LOCM. standardized measurement of sCr. There was no significant heterogeneity between these 4 studies (p = 0.254).
Only 1 study using the 6 0.5 mg/dl definition of CI-AKI used standardized sCr determinations, and hence no analysis could be performed. In this trial, a significantly lower percentage of patients receiving iodixanol developed CI-AKI compared with iopromide (5.1 vs. 18.5%, p = 0.037) [46] . Standardized sCr determinations were performed in 2 studies in which the 6 25% definition was used. The combined data from these studies showed a significant reduction in the risk of CI-AKI with iodixanol compared with LOCM (RR: 0.346, 95% CI: 0.144-0.830, p = 0.017). There was no significant heterogeneity between these studies (p = 0.416), but an analysis of publication bias could not be performed with only 2 studies.
Mean Increases in sCr
Mean changes in sCr, expressed as Hedges' [22] parameter g , in the 17 studies (14 IA/3 IV) available for comparison of sCr measurements are shown in figure 4 . In the 13 IA trials with standardized sCr determinations, there were no significant differences in changes in sCr between iodixanol and pooled LOCMs, or between iodixanol and iopromide. No analyses were performed comparing iodixanol with each of the other LOCMs because the inclusion of only 1 or 2 studies could result in reporting bias. There was only 1 IA study which used non-standardized sCr measurements, so no analyses could be performed [16] . Two of the 3 IV studies identified for this analysis used non-standardized sCr measurements and no analysis was performed [43, 45] .
Meta-Regression Analyses
Considering the IA studies only, meta-regression analysis for the incidence of CI-AKI, measured as an increase in sCr from baseline of 6 0.5 mg/dl, showed increasing age (p ! 0.001), male gender (p ! 0.001), and DM (p = 0.007) to be significant independent variables; when the incidence of CI-AKI was measured as an increase in sCr from baseline of 6 25%, increasing age, female gender, DM, and baseline sCr (all p ! 0.001) were significant independent variables. Meta-regression analyses of the IV studies were either not performed because of the small number of studies or did not show these variables to be significantly related to the incidence of CI-AKI.
Discussion
We found that IA administration of iodixanol was associated with a lower risk of CI-AKI compared with LOCM using the more conservative rise in sCr of 6 0.5 mg/dl definition and a numerically lower risk, although not significant, using the 6 25% definition. The baseline sCr across all included studies was 6 1.6 mg/dl and average glomerular filtration rate was ^ 50 ml/min/1.73 m 2 , indicating that the patients had, on average, moderately impaired renal function. For IV administration, there was no difference in CI-AKI between iodixanol and LOCM. However, when the analysis was limited to studies in which sCr was measured at standardized fixed times after IV administration (an a priori hypothesis), iodixanol was associated with a reduction in CI-AKI in 2 trials which used the 6 25% increase in sCr definition (p = 0.017). However, there was only 1 IV trial that used the 6 0.5 mg/dl definition, and in this trial, RR for CI-AKI for iodixanol was 0.276, 95% CI 0.082-0.928, and p = 0.037 [46] . This difference between the IA and IV results may reflect the observation that the patients recruited into trials using IV administration of CM often had exclusion criteria for an elevated sCr and were at lower risk of CI-AKI (younger, lower proportion of diabetics, and narrower range of baseline sCr) compared with the patients included in trials with IA administration of CM.
The present analysis extends the observations by McCullough et al. [8] in an earlier analysis (2006) of individual patient data from 16 randomized trials comparing IA iodixanol and LOCM, which found that the incidence of CI-AKI was significantly lower in patients receiving iodixanol (1.4 vs. 3.5%), and that the maximum increase in sCr was smaller. Subsequent meta-analyses of CI-AKI in patients receiving iodixanol or LOCM have yielded Kuhn [45] conflicting results. Heinrich et al. [9] found no significant difference in the CI-AKI risk between iodixanol and LOCM in an analysis of 25 trials using either IA or IV administration of CM pooled together (RR pooled : 0.80, 95% CI: 0.61-1.04, p = 0.1 using the 25% definition, and RR pooled : 0.75, 95% CI: 0.44-1.26, p = 0.27 using the 0.5 mg/dl definition); however, the risk was significantly lower with iodixanol than with iohexol in patients with renal insufficiency who received IA CM (RR pooled : 0.38, 95% CI: 0.21-0.68, p ! 0.01). In another metaanalysis, which included data from 2,763 patients in 16 randomized trials, Reed et al. [10] found that iodixanol was not associated with a lower risk of CI-AKI compared with LOCM, but was associated with a significantly lower rate of CI-AKI compared with iohexol (RR pooled : 0.19, 95% CI: 0.07-0.56, p = 0.002) and with ioxaglate (RR pooled : 0.58, 95% CI: 0.37-0.92, p = 0.022). Finally, a recent meta-analysis by From et al. [11] , which included 36 trials (n = 7,166 patients) with no restriction on the definition of CI-AKI, journal type, or patient population, reported no significant difference in CI-AKI incidence between iodixanol and LOCM (RR pooled : 0.77, 95% CI: 0.56-1.09, p = 0.11). Subgroup analyses, however, showed a significant difference between iodixanol and LOCM in studies defining CI-AKI as an increase in sCr from baseline 6 25% (RR pooled : 0.58, 95% CI: 0.40-0.85, p = 0.006), between iodixanol and iohexol (RR pooled : 0.25, 95% CI: 0.11-0.55, p ! 0.001), and a nearly significant difference between iodixanol and ionic dimers (RR pooled : 0.62, 95% CI: 0.39-1.01, p = 0.05). Figures 5 and 6 show the results of the present meta-analysis together with the previous ones, according to populations administered CM via the IA, mixed IA-IV, and IV route alone. Thus, these figures demonstrate for both CI-AKI definitions that as one narrows the populations down to those undergoing IA procedures, iodixanol is associated with a lower risk of CI-AKI compared to LOCM. The lack of concordance of studies selected for the meta-analyses discussed above explains, in part, the differing results. Two of the studies included in this analysis [26, 31] were also included in all 4 previous meta-analyses. The present meta-analysis has 4 trials [26, 27, 30, 31] in common with the previous meta-analysis by McCullough et al. [8] ; 12 others were not included either because CI-AKI was not a primary/secondary endpoint or data were not available. The present meta-analysis has 13 trials [15, 16, 26-31, 34, 41, 43-45] in common with Heinrich et al. [9] . Twelve others were identified by our search but not included because CI-AKI was not a primary/secondary endpoint, the Jadad score was 1 or the study details were unclear; 12 trials not included in Heinrich et al. [9] were included here. The present Fig. 5 . Compilation of pooled odds ratios for IA, IV, and mixed IA and IV meta-analyses of the incidence of CI-AKI (defined as 6 0.5 mg/dl increase in sCr vs. baseline) demonstrating a leftward shift in pooled estimates moving from IV, to mixed IV/IA, and IA trials. Pooled odds ratios from meta-analyses by Heinrich et al. [9] , Reed et al. [10] and From et al. [11] .
meta-analysis has 12 trials [14, 16, 26, 29, 31, 34, 35, 39, 40, 43, 45, 46] in common with Reed et al. [10] . Four others were not included because CI-AKI was not a primary/secondary endpoint, the Jadad score was 1 or the study details were unclear; 13 trials not included in Reed et al. [10] were included here. The present meta-analysis has 20 trials [14-16, 26, 27, 29-35, 37, 39, 40, 42-46] in common with From et al. [11] ; 16 trials included in their study did not meet the inclusion criteria here and 5 others not included in From et al. [11] were included here.
We selected only prospective, randomized, head-to-head comparative studies, with CI-AKI as a primary and/or secondary endpoint, and a Jadad score 6 2. These stringent criteria excluded the IMPACT study [47] , which evaluated 166 patients with moderate-to-severe renal impairment and reported that the risk of CI-AKI was similar following IV administration of iodixanol or iopamidol. The inclusion of this study in previous meta-analyses has been criticized because IMPACT was a post hoc combination of 2 small trials in which image quality was the primary endpoint [12] ; thus, it cannot be considered a prospective randomized trial of CI-AKI prevention.
Our meta-analysis was influenced by a recent, large, prospective, randomized, controlled trial comparing iodixanol and iopromide [25] , which was reported as an abstract from the EuroPCR meeting of interventional cardiovascular specialists in Paris, May 2010. This new trial, which included 1,656 evaluable patients, showed that iodixanol was associated with a significantly lower incidence of CI-AKI, defined as either an absolute increase in sCr of 6 0.5 mg/dl (3.2 vs. 26.3%, p ! 0.001) or a relative increase of 6 25% (7.1 vs. 48.4%, p ! 0.001). Similar risk reductions were seen for iodixanol versus iopromide in various patient subgroup analyses: with or without DM, baseline Cr Cl 30-45 or 46-59 ml/min, age 60-75 years or 1 75 years, CM volume ! 140 or 1 140 ml, and patients receiving coronary angiography with or without percutaneous coronary intervention.
Because iodixanol tends to have an earlier rise in sCr than LOCM in CI-AKI [48] , we took into consideration when sCr was measured after CM exposure. For example, in the CARE trial when blood samples were taken between 45 and 71 h after the procedure, iodixanol was associated with a numerically greater incidence of CI-AKI compared with iopamidol (7.4 vs. 2.9% using the 6 0.5 mg/dl definition; 12.6 vs. 6.5% using the 6 25% definition); however, when blood samples were taken between 71 and 96 h after the procedure, the converse was true, that is, iodixanol was associated with a numerically lower incidence of Fig. 6 . Compilation of pooled odds ratios for IA, IV, and mixed IA and IV meta-analyses of the incidence of CI-AKI (defined as 6 25% increase in sCr vs. baseline) demonstrating a leftward shift in pooled estimates moving from IV, to mixed IV/IA, and IA trials. Pooled odds ratios from meta-analyses by Heinrich et al. [9] , Reed et al. [10] and From et al. [11] .
CI-AKI compared with iopamidol (3.4 vs. 14.8% using the 6 0.5 mg/dl definition; 13.8 vs. 29.6% using the 6 25% definition) [16] . Thus, it is critical for trials to measure multiple sCr values after CM exposure at standardized intervals (24, 48, 72 , and 96 h) in order to identify the peak value for each contrast agent. CI-AKI (defined as 6 0.5 mg/dl and 6 25% increase in sCr from baseline) developed in a total of 8.3% of patients over the 2-day period. However, CI-AKI was seen in 1.5% of patients at 24 h but not at 48 h, in 1.9% of patients at both 24 and 48 h, and in 4.9% of patients at 48 h but not at 24 h [49] .
The American College of Cardiology/American Heart Association Task Force on Practice Guidelines (2007) recommended the use of IOCM in CKD patients undergoing angiography. The most recent update in 2009, however, states that in patients with CKD undergoing angiography who are not on chronic dialysis, either an IOCM (level of evidence: A) or a LOCM other than ioxaglate or iohexol is indicated (level of evidence: B) [50] . We anticipate our results may stimulate specific recommendations for IA and IV forms of angiography in the future.
There is strong biologic plausibility for iodixanol in reducing the risk of CI-AKI compared with LOCM because of its iso-osmolality, that is, osmolality comparable to that of blood. Hyperosmolarity of CM may play a role in the pathogenesis of CI-AKI by causing relatively greater degrees of intrarenal vasoconstriction, activating tubuloglomerular feedback, or increasing tubular hydrostatic pressure, all of which could result in decreased glomerular filtration and worsening medullary hypoxemia [51] . With respect to the differences in rates and risk of IV versus IA administration, most of the IV studies had exclusion criteria for elevated sCr, and thus included lower risk subjects. In addition, IV injection of CM may allow for more admixing with the blood pool, and thus a more diluted flow of CM entering the renal vasculature. Finally, IA utilization in most cases involves manipulation of catheters in the central aorta and presents the possibility of superimposed cholesterol microembolism as an additional renal insult to CM.
Our study has all the limitations of meta-analyses that summarize trial results up to a point in time. Importantly, the number of IV studies is sufficiently small to limit inferences made with respect to this route of administration. We attempted to reduce variability by including only prospective, randomized, head-to-head comparisons of iodixanol and LOCM that were of high quality as assessed by Jadad score and we observed no evidence of publication bias. A considerable limitation of the studies is the use of biochemical definitions of CI-AKI, i.e., a short-term change in sCr from baseline, rather than clinical outcomes such as the need for additional therapy (e.g., hemodialysis), progression of CKD, rehospitalization, or mortality, which are known to be related to CI-AKI [2, 52, 53] . Finally, we recognize that heterogeneity of trial designs, inclusion/exclusion criteria, clinical settings, number and timing of creatinine measurements, definitions of CI-AKI, and other elements represents a residual threat to validity that cannot be quantitatively expressed using metaanalytic tools.
In conclusion, in patients with CKD at increased risk, IA but not IV administration of iodixanol is associated with a significantly lower risk of CI-AKI than LOCM.
